Introduction
Surface currents contribute significantly to the distribution of hydrological properties, nutrients, pollution and other kinds of dissolved and suspended particles, among adjacent coastal regions and between coastal and open-ocean regions. Their assessment assume an important role in the densely inhabited coastal areas and semi-enclosed basins, where pollutants and contaminants are produced and discharged in large amounts. In this context, the Black Sea (BS), with a catchment area that cover extended areas of Europe and Asia (Stanev, 2005) , represents a good example of marginal semi-enclosed basin, characterised by a limited water exchange with the other basins and an intense anthropic activity and river discharge.
The upper-layer dynamics of the BS is conventionally described as the combination of a basin-scale cyclonic boundary current over the continental slope (e.g. Oguz et al., 1992) , cyclonic gyres in the basin interior (Korotaev et al., 2001 ) and quasi-stationary or recurrent anticyclonic eddies along the coast (Korotaev et al., 2003) . The interaction among these different and multi-scaled features contribute to the mixing of coastal water with the open sea and results in a high spatiotemporal variability of the current field.
The most exhaustive descriptions of the interannual, seasonal and mesoscale variability in the BS were obtained with satellite altimetry products (Stanev et al., 2000; Korotaev et al., 2001 Korotaev et al., , 2003 and Lagrangian observations (Poulain et al., 2005) . The BS surface circulation has a strong seasonal variability, with intensification of the cyclonic alongslope Rim Current (RC) in winter and attenuation in summer and fall (Stanev et al., 2000; Korotaev et al., 2001; Poulain et al., 2005) . The organised winter circulation gradually disintegrates into a series of interconnecting eddies in summer and fall, when the RC exhibits more pronounced and complex mesoscale activity (Korotaev et al., 2003) . The mesoscale variations are strongest in the RC and in large quasi-permanent nearshore sub-basin-scale anticyclonic eddies (Stanev et al., 2000) , such as the Batumi Eddy (BE) and the Sevastopol Eddy (SE), and off the Crimean Peninsula (Korotaev et al., 2001) . Mesoscale eddies induce the process of exchange between shelf and open sea waters (Shapiro et al., 2010) . The BE has a seasonal modulation with intense cyclonic circulation in winter and weaker (sometimes anticyclonic) rotation in the summer-fall period (Stanev et al., 2000; Poulain et al., 2005) . The SE is characterised by low seasonal variability and has large sea level oscillations at the inter-and intraannual scales. The interannual variability has 156 M. Menna and P.-M. Poulain: Geostrophic currents and kinetic energies in the Black Sea the strongest signature in the southeastern BS (Stanev et al., 2000) . Globally, the kinetic energy levels were found higher in winter-spring and lower in summer-fall periods (Poulain et al., 2005) .
Both drifter and satellite data have been recognised as most useful to observe variation of sea-surface velocity fields (Uchida and Imawaki, 2003) , although they present some drawbacks. Altimetry data are regularly sampled in space and time but they are generally low-pass filtered, interpolated and inaccurate in coastal areas and in the resolution of mesoscale features. In contrast, drifter data yield an accurate but irregular spatial and temporal sampling of the surface currents , therefore the resulting descriptions of surface circulation can be biased and strongly dependent on the specific data distribution .
To overcome the aforementioned limitations, drifter and altimetry data can be combined to provide a more accurate representation of the mean circulation with respect to the computation performed from each data set alone (Centurioni et al., 2008; Poulain et al., 2012) . The combination of these two independent data sets has already been used to produce quantitative descriptions of the circulation in several marine areas, such as the California Current System (Centurioni et al., 2008) , the South China Sea , the Kuroshio Extension (Niiler et al., 2003) , the North Pacific (Uchida and Imawaki, 2003) and the Mediterranean Sea Poulain et al., 2012) . The main advantages of this method are (1) the removal of biases that arise from the irregular sampling of drifters and (2) the enhancement of the accuracy of velocity estimates for coastal areas and mesoscale features.
In this work, the combination of the geostrophic velocities derived from drifter and satellite altimetry is implemented in the BS, so as to describe its surface circulation and its seasonal and interannual variability over the period [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The combined method, applied to concurrent satellite and drifter observations, gives an estimation of the mean dynamic topography (MDT) of the BS in terms of absolute geostrophic velocity field.
A first attempt to estimate a MDT for the BS based on in situ and satellite data was made by Kubryakov and Stanichny (2011) , applying the synthetic method described by Rio and Hernandez (2004) and Rio et al. (2007) . This synthetic MDT (SMDT) was computed over the period 1993-1999 using measurements of drifter velocities, hydrological data and along-track sea level anomalies (SLA). The SMDT defines the basin scale RC, two separate cyclonic cells in the western and eastern parts of the BS and some mesoscale and sub-basin-scale features near the periphery of the basin. Anticyclonic mesoscale eddies are located between the continental slope and the coast and can feed the sub-basin-scale eddies (Stanev, 2005) ; the typical location and evolution of these structures are defined by Staneva et al. (2001) and Korotaev et al. (2003) .
The goal of this paper is to produce a regularly sampled data set of the geostrophic currents in the BS, so as to describe quantitatively the pathways and the spatio-temporal variability of the surface circulation in different regions of the basin. The paper is organised as follows: information on drifter, remotely sensed altimetry data and wind products is given in Sect. 2, followed by a description of the methods used to compute the surface geostrophic field. PseudoEulerian statistics, seasonal and interannual characteristics and eddy variability are presented and discussed in Sect. 3. The main conclusions are summarised in Sect. 4.
Data and methods
The Lagrangian data used in this study come from 89 satellite-tracked drifters deployed in the BS between 1999 and 2009. The majority are surface velocity program (SVP) drifters, consisting of a surface buoy tethered to a holeysock drogue centred at a depth of 15 m. The others types are coastal ocean dynamic experiment (CODE) drifters, composed of a vertical 1 m-long negative buoyant tube with four radial vanes, and compact meteorological and oceanographic drifters (CMOD) that consist of a 60 cm-long aluminium cylindrical hull drogue with the sonobuoy case. They measure the near-surface currents in the first 15 m of the water column with various accuracies and errors induced by wind and waves (Poulain et al., 2009 ). The drifter position time series were edited to remove spikes and outliers and linearly interpolated at 2 h intervals using the kriging technique (Poulain et al., 2004) . The interpolated positions were lowpass filtered (Hamming filter with cut-off period at 36 h) to remove high frequency current components and sub-sampled at 6 h intervals. Velocity components were then estimated from centred finite differences of the 6 h positions and finally archived in a database (http://doga.ogs.trieste.it/sire/ medsvp/). The pseudo-Eulerian velocity statistics directly computed with the drifter data are defined as "biased" because the drifter data are usually non-uniformly sampled in space and time (Centurioni et al., 2008; Menna et al., 2012; Poulain et al., 2012) .
Cross-calibrated, multi-platform (CCMP) ocean surface wind velocities (Atlas et al., 2009 ) were filtered and interpolated at the drifter locations and times, then used with the drifter velocities in a linear regression model in order to estimate the currents directly (slippage) and indirectly (Ekman currents) induced by the winds (U wind-driven ). This method has been already applied to estimate the wind-driven currents in the tropical Pacific (Ralf and Niiler, 1999) and in the Mediterranean Sea Poulain et al., 2009 . Drifter velocities (U ) were used to estimate U wind-driven using the following linear regression model : where β is a real constant and θ is the angle (positive anticlockwise) which represent, respectively, the estimations of intensity and direction of drifter wind-driven currents with respect to the wind velocity; W is the wind velocity interpolated at the drifter locations and times. The model was applied to the different drifter designs separately, over the whole BS, and the results are presented in Table 1 . The SVP drifters measured the smallest wind-driven currents, amounting to 0.7 % of the wind speed and directed about 30 • to the right of the wind; these currents represent 4 % of total velocity variance. The CODE drifters show wind-driven currents of 0.8 % of the wind speed with an angle of 28 • to the right of the wind and an explained variance of about 5 %. The CMOD drifters move more downwind (about 25 • to the right of the wind) with wind-driven currents amounting to 1 % of the wind speed and explain a significant portion of the velocity variance (about 20 %). The regression coefficients in the BS are similar to those estimated by Poulain et al. (2009 Poulain et al. ( , 2012 in the Mediterranean Sea. The mean intensity of the ageostrophic current estimated from Eq. (1) in 0.25 • × 0.25 • bins is 1.5 cm s −1 , with maximum values of ∼ 7 cm s −1 located in the interior of the basin and in the western region (not shown). Finally, the wind-driven currents estimated from Eq. (1) were subtracted from the drifter velocities to obtain an estimation of the geostrophic components U DG (U DG = U −U wind-driven ). These currents can obviously contain some contribution which is non geostrophic, especially near the coast and in small-scale eddies due to nonlinear effects, but for simplicity and because mean currents will be mostly discussed, we will refer to these currents as geostrophic in this paper. To quantify the contribution of the wind-driven currents to the total drifter velocity, the percentage of total mean kinetic energy of the residuals per unit of mass (eddy kinetic energy; EKE) due to slippage and Ekman currents is computed on a 0.25 • × 0.25 • resolution grid (not shown). The removal of Ekman component results in a reduction of the EKE computed from the drifter data set in 80 % of the cases; the mean reduction accounts for 30 % of the total EKE.
The altimetry data used in this work are gridded (oneeight of a degree Mercator projection grid) Ssalto/Duacs daily, multi-mission, delayed time products from AVISO (Ssalto/Duacs users handbook 2013). SLA data are defined with respect to a 7 yr mean (1993) (1994) (1995) (1996) (1997) (1998) (1999) . The high spatial resolution of these regional products allow one to discriminate the mesoscale patterns. Because of the intermittent temporal distribution and the scarcity of the drifter data (not shown), daily altimetry products were preferred to weekly products in order to have a larger number of drifter-satellite concurrent observations. Drifter geostrophic velocities and satellite altimetry data were averaged in non-overlapping geographical bins of 0.25 • × 0.25 • × 1 day .The bin-size was chosen as a compromise to resolve the basin and sub-basin (50-100 km) circulation of the BS and also to have a statistically significant number of drifter data inside each bin. Drifter and satellite data were combined in each spatial bin using the following regression model (according to the method described in :
where the vector U SLA includes the bin-averaged anomalies of surface geostrophic velocities, concurrent with the binaveraged drifter geostrophic velocities U DG . The unknowns A and B are complex numbers or 2-D vectors. The slope A is the local adjustment of amplitude of U SLA (Niiler et al., 2003) . Over the time period considered for the definition of SLA (1993) (1994) (1995) (1996) (1997) (1998) (1999) , the mean of U SLA is zero and B coincides with the time-mean drifter circulation; for any other period, the mean of U SLA is not zero and B is the offset between U SLA and U DG . The offset B represents the MDT expressed in terms of geostrophic velocities, partly referred to the SLA definition period (1993) (1994) (1995) (1996) (1997) (1998) (1999) and partly referred to the drifter data period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). Following Poulain et al. (2012) , the slope A was subsequently low-pass filtered in 0.75 • × 0.75 • overlapping bins to remove insignificant noise. The vector complex correlation (Kundu, 1976) between U DG and U SLA (Fig. 1a) is generally larger than 0.6 in the BS region, supporting the validity of the approach described by Eq. (2); correlation is low west of the Crimean Peninsula and off southern Bulgaria. The magnitude of the low pass filtered |A| and of B are shown in Fig. 1b and c, respectively. The magnitude of |A| varies mostly between 0.5 and 1.5; it exceeds 1.5 in the centre of the BS basin and off the northern coast of Bulgaria. Deviation of A from unity is mainly due to the oversmoothing of the satellite altimeter data, to the existence of residual wind-driven components, non-linear boundary currents and ageostrophic acceleration in the drifter velocities (Niiler et al., 2003; Poulain et al., 2012) and to the limited number of drifter data in the interior of the basin. The veering angle introduced by A (not shown) is not significantly different from zero. The offset B is as large as 30 cm s −1 in the fast RC, in particular along the Anatolian and Crimean coasts, and smaller than 5 cm s −1 in the interior of the basin. The relationship between drifter velocities and satellite SLA (A and B), derived from 11 yr of concurrent data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , can be used to estimate the mean unbiased absolute geostrophic currents U G u for any time period in which U SLA is available, independently from the availability of drifter data:
where U G are the surface geostrophic currents described by Eq. (2) and u indicates the "unbiased" temporal averages in each spatial bin. The pseudo-Eulerian statistics computed with these geostrophic currents are defined as "unbiased" because they are less biased with respect to those calculated directly with the drifter data Poulain et al., 2012) . The interannual variability of the geostrophic circulation was assessed using the annual maps of kinetic energy of the mean flow per unit mass (MKE) and of EKE. The MKE is defined as
The residuals of geostrophic velocity field were evaluated by removing the mean unbiased velocity U G u from each daily value of U G (U G = U G − U G u ) and the EKE is defined as the following annual mean:
The seasonal and interannual variability of mesoscale and sub-basin-scale eddies in the BS was investigated in terms of kinetic energy of geostrophic velocity residuals (KE) per unit of mass, evaluated for each daily value of U G and defined as
Hovmoller diagrams of the KE in the period 1999-2009 were computed along the Anatolia and Crimean-Caucasian coasts. Finally, the combined data set was used to reconstruct the relative vorticity (ζ ) field associated with the surface circulation in the region of BE and SE. The relative vorticity was evaluated as the vertical component of the velocity field curl (Pedlosky, 1987) :
Results and discussion
The unbiased pseudo-Eulerian velocity statistics (Fig. 1c) depict the well known characteristics of the mean circulation in the upper layer of the BS suggested by several authors in the past (e.g. Korotaev et al., 2001; Poulain et al., 2005) , including the RC, BE and SE. However they add new information about the seasonal and interannual characteristics of the surface circulation in the BS. This analysis is focused on the boundary regions characterised by high density of drifter data (Anatolia and Crimea coasts, Batumi and Sevastopol areas).
Seasonal variability
Seasonal variations are emphasised by removing the mean velocity field (Fig. 1c) from the mean seasonal current fields; the resulting anomalies are shown in Fig. 2 . Anomalies larger than 8-10 cm s −1 are observed in the BE (41-43 • N, 39.5-42 • E) and • N, 30.5-32.5 • E) regions and east of the Crimean Peninsula. The cyclonic RC is stronger in winter (mean anomalies of about 4-5 cm s −1 ; maximum values larger than 10 cm s −1 along the Anatolia and Crimea coasts and in the BE; Fig. 2a ) and weaker in spring/fall (mean anomalies of about 2 cm s −1 ; Fig. 2b, d ) and summer (the anticyclonic anomalies of RC indicate that the summer currents are 4-5 cm s −1 smaller than the mean currents; Fig. 2c ). The BE is characterised by an intense cyclonic circulation in winter and an anticyclonic circulation in summer; the SE is most intense in spring and shows a less periodic nature than the BE. These results agree well with Stanev et al. (2000) and Poulain et al. (2005) .
Interannual variability

Mean flow
The MKE computed on a yearly basis is used to describe the annual variation of the mean circulation. The annual maps (Fig. 3) 
Mesoscale eddies
Variability of the geostrophic component of the mesoscale (5-10 km) features in the BS was estimated using the time series of the KE. Mesoscale velocities are mostly included in the velocity variance and in the eddy kinetic energy. In particular, the KE can be used as a good indicator to follow the seasonal and interannual evolution of the mesoscale structures, as its large and variable values coincide with the main locations of the mesoscale eddies along the coasts of the BS (Fig. 5) . The Hovmoller diagram in Fig. 5a reaching KE values larger than 500 cm 2 s −2 . The interaction between the Bosphorus and the Sakarya eddies confirms the description of Korotaev et al. (2003) . The Sakarya Eddy, located around 31 • E, prevails only in some years (2000, 2002, 2003, 2005, 2006, 2009) with KE values larger than 250 cm 2 s −2 . Figure 5a shows the presence of another eddy between 32 and 33 • E with a quasi-persistent nature and KE signal between 150 and 250 cm 2 s −2 ; this structure can move westward and interact with the Sakarya Eddy (2005) (2006) . A mesoscale feature in this area was already recognised by Korotaev et al. (2003) ; according to its geographical location along the coast of the Bartin Province we define this structure as the Bartin Eddy. The Sinop and Kizilirmak Eddies, located between 34.5 and 37 • E, show a quasi-permanent nature, in contrast with the results of Korotaev et al. (2003) , and high values of KE (200-600 cm 2 s −2 ) throughout the period considered; the highest KE signal is observed in the period August-October 2003 in concomitance with the maximum intensities of the Bosphorus Eddy.
The diagram in Fig. 5b , computed by meridionally averaging each KE value between 43.5 and 45 • N, includes the Caucasus coast and the eastern side of the Crimean Peninsula (34-39.25 • E). The Crimea Eddy is a quasi-permanent mesoscale feature, located between 34.5 and 35.5 • E, characterised by a pronounced interannual variability in terms of KE and a zonal extension of the eddy. The KE signal shows generally higher values (larger than 500 cm 2 s −2 ) when the Crimea Eddy becomes larger (1999, 2003, 2006, 2008 ). Another mesoscale eddy, identified by Korotaev et al. (2003) as the Kerch Eddy, is located between 36 and 37 • E (KE values of 250-400 cm 2 s −2 ); it occurs sporadically and persists for a few months. The Caucasus Eddy, located around 37-38 • E, is a sporadic structure with a KE larger than 200 cm 2 s −2 that occurs in the same periods as the Kerch Eddy, with which it sometimes interacts (2003, 2004, 2006, 2007) . The interactions among the Kerch Eddy, the Caucasus Eddy and the RC confirm the previous results of Korotaev et al. (2003) while their temporal intermittence contradicts Korotaev et al. (2003) 
Sub-basin-scale eddies
The variability of the major sub-basin structures in the BS (the BE and the SE) is investigated using the spatially averaged time series of KE (Figs. 6a, 7a) (Fig. 6a) ; this structure is usually characterised by a diameter of ∼ 100 km and is located in the southeast corner of the BS. The activity of BE is weaker in the period 1999-2001 and 2007 (Fig. 6a) . The pronounced interannual variability in the Batumi region confirms the results of the model simulations of Staneva et al. (2001) . Reversals of the surface circulation in the Batumi region are documented using the time series of the spatially averaged ζ (Fig. 6b) . The typical anticyclonic pathway, characterised by negative vorticity values, is sometimes interrupted by a cyclonic regime (positive vorticity). Fig. 6b) . High values of KE correspond to anticyclonic rotation. Examples of anticyclonic and cyclonic regimes are shown in Fig. 6c and d, respectively. The SE is characterised by low energy levels with respect to the BE (Fig. 7a) (Fig. 7b) show that the SE is always anticyclonic, except for a cyclonic event in summer-fall 2008 probably due to the intrusion of an RC cyclonic meander in the Sevastopol region. The generation of SE is related to the meandering of the RC in the Sevastopol area and is generally observed in spring (speeds of about 15-20 cm s −1 ; Fig. 7c ).
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The surface geostrophic circulation in the BS has been described combining 11 yr (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) of drifter and satellite altimetry data in order to construct a regularly sampled data set of observations. Velocity statistics computed from this data set are defined as "unbiased" because they are less biased with respect to those calculated directly with the drifter data. The unbiased pseudo-Eulerian statistics are used to define seasonal and interannual variations of the mean field and of the sub-basin and mesoscale eddies. Mean geostrophic currents obtained in the present work (Fig. 1c) are based on a larger number of in situ drifter observation compared with those estimated from the SMDT of Kubryakov and Stanichny (2011) .
Seasonal maps confirm the results of Stanev et al. (2000) and Poulain et al. (2005) and add new information about the SE, which is generated in spring from a meander of the RC (Fig. 2b) . The most pronounced seasonal variabilities are located in the RC and in the BE areas, with anomalies of 8-10 cm s −1 with respect to the mean geostrophic field (Fig. 2) .
The most intense interannual variations are located in the Batumi and Sevastopol regions (EKE levels larger than 200 cm 2 s −2 ), in good agreement with the results of Stanev et al. (2000) and Staneva et al. (2001) . Reversals of the surface circulation in the Batumi region, from anticyclonic to cyclonic regimes, are usually observed in fall-winter; the cyclonic pattern generally persists for periods of 2-4 months.
The analysis of mesoscale eddies along the Anatolia and Crimea-Caucasus coasts expands the results of Korotaev et al. (2003) , as describes the interaction between the Sinop and the Kizilirmak eddies (Anatolia) and among the Kerch, the Caucasus and the Sukhumi eddies (Caucasus) and resolves a new quasi-persistent eddy generated along the Anatolia coast and defined as the Bartin Eddy.
